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Introduction	


	


What governs the superconductivity in Fe-HTS’s	


Type 1: Systems with both electron and hole pockets	


Type 2: Systems with only electron pockets	



Summarize current understanding and future outlook	



Outline 



Two	
  types	
  of	
  iron-­‐based	
  superconductors 

Fe-­‐HTS’s 

Iron	
  pnic>des:	
  	
  
11,	
  111,	
  122,	
  1111	
  series	
   

KFe2Se2: 

1ML	
  FeSe	
  thin	
  film: 

Tc:	
  31K 

Maximum	
  Tc:	
  65K 

Maximum	
  Tc:	
  55K 

Type I	


Type II	




Systems with only electron pockets 2. 

Systems with both electron and hole pockets 1. 

What governs Tc ? 




Cuprates Iron	
  pnic>des 

Superconduc>vity	
  in	
  both	
  cuprates	
  and	
  iron-­‐based	
  superconductors	
  is	
  closely	
  related	
  to	
  
magne>smà	
  Unconven>onal	
  superconduc>vity	
  with	
  a	
  par>cular	
  pairing	
  symmetry	
  

spin	
  fluctua>ons	
  are	
  likely	
  to	
  be	
  the	
  glue. 

Proximity	
  to	
  magne8sm 



Universal	
  J1-­‐J2-­‐J3	
  scheme	
  summarized	
  by	
  Hu	
  and	
  Ding	
   

J. Hu and H. Ding, Sci. Rep. 2, (2012).	




cos(4φ)	
  modula8on	
  of	
  the	
  superconduc8ng	
  gap	
  of	
  op8mally
	
  doped	
  FeTe0.6Se0.4	
   

Okazaki, shin et al. arxiv.org/pdf/
1207.6571.pdf	


anisotropy in the hole pocket 
also suggest the role of J3	


•  The	
  predicted	
  gaps	
  func>ons	
  qualita>vely	
  fit	
  the	
  measured.	
  	
  
•  Quan>ta>ve	
  correla>on	
  between	
  Tc	
  and	
  J’s	
  is	
  lacking.	
  	
  	
  
•  	
  Refinements	
  are	
  necessary,when	
  there	
  are	
  complexi>es	
  such	
  as	
  

kz	
  dependence,	
  impurity,	
  nodes,	
  SDW	
  … 



H.	
  Ding	
  et	
  al.,	
  EPL	
  83	
  (4),	
  47001	
  (2008).	
  
I.	
  I.	
  Mazin	
  Phys	
  Rev	
  Le_	
  101	
  (5),	
  057003	
  (2008).	
  

Unconventional Superconductivity with a Sign Reversal
in the Order Parameter of LaFeAsO1!xFx

I. I. Mazin,1 D. J. Singh,2 M. D. Johannes,1 and M. H. Du2
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We argue that the newly discovered superconductivity in a nearly magnetic, Fe-based layered
compound is unconventional and mediated by antiferromagnetic spin fluctuations, though different
from the usual superexchange and specific to this compound. This resulting state is an example of
extended s-wave pairing with a sign reversal of the order parameter between different Fermi surface
sheets. The main role of doping in this scenario is to lower the density of states and suppress the pair-
breaking ferromagnetic fluctuations.

DOI: 10.1103/PhysRevLett.101.057003 PACS numbers: 74.20.!z, 74.25.Jb, 74.72.!h

The discovery of superconductivity with Tc * 26 K [1]
in a compound that contains doped Fe2" square lattice
sheets raises immediate questions about the nature of the
superconducting state and the pairing mechanism. A num-
ber of highly unusual properties suggest, even at this early
stage, that the superconductivity is not conventional. We
argue that not only is it unconventional but that doped
LaFeAsO represents the first example of multigap super-
conductivity with a discontinuous sign change of the order
parameter (OP) phase between bands, a state discussed
previously (e.g., Refs. [2,3]) but not yet observed in nature.

We suggest that superconductivity here is mediated by
spin fluctuations (SFs), as many believe is the case in
cuprates, heavy fermion materials, or ruthenates. SFs can
induce only a triplet superconducting OP or a singlet one
that changes sign over the Fermi surface (FS). The latter
condition often, but not always, dictates strong angular
anisotropy of the OP (cf. d wave). In our scenario, it is
satisfied despite full angular isotropy, since the sign
changes between the two sets of FSs. Our model is also
principally different from conventional s-wave supercon-
ductivity discovered in MgB2: There the pairing interac-
tion is attractive; in our case it is repulsive (but pairing
thanks to the sign reversal). Finally, similar to d- or p-wave
superconductivity, our OP has a nearest-neighbor structure
in real space, thus reducing the Coulomb repulsion within
the pair.

We begin by arguing against conventional superconduc-
tivity. The pure compound LaFeAsO is on the verge of a
magnetic instability: It has a very high magnetic suscepti-
bility [1] and is strongly renormalized compared to density
functional (DFT) calculations [4]. This renormalization is
higher than in any known conventional superconductor,
including MgCNi3, where superconductivity is believed
to be strongly depressed by spin fluctuations. The suscep-
tibility in the pure compound is large and upon doping with
F grows even larger and becomes Curie–Weiss-like. This
suggests nearness to a critical point in the pure compound
and nontrivial competition between different SFs. Very

strong electron-phonon interactions would be required to
overcome the destructive effects of such SFs. We have
calculated ab initio the electron-phonon spectral func-
tion !2F#!$ and coupling " for the stoichiometric com-
pound [5]. Some moderate coupling exists, mostly to As
modes, but the total " appears to be %0:2, with !log %
250 K (!log is the logarithmically averaged boson fre-
quency of Eliashberg theory), which can in no way explain
Tc * 26 K.

The calculated DFT Fermi surfaces [4] for undoped
LaFeAsO consist of two small electron cylinders around
the tetragonal M point and two hole cylinders, plus a heavy
3D hole pocket around !. To study doping effects, we
performed full-potential calculations using the WIEN pack-
age in the virtual crystal approximation and the Perdew-
Burke-Ernzerhof generalized gradient approximation
(GGA) functional [6]. The lattice parameters we took
from experiment [1] and optimized the internal positions
[7]. In Fig. 1, we show the bands near the Fermi level for
x & 0:1 and the corresponding Fermi surface. As expected,
the 3D pocket fills with electron doping (at x & 0:04–0:05)
and the fermiology radically simplifies, leaving a highly
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FIG. 1 (color online). (a) Calculated band structure at x & 0:1
near the Fermi level. (b) Calculated Fermi surface at 10%
doping. Note that the only 3D parts are the far ends of the
electron cylinders around M. The fully three-dimensional sur-
face present in the undoped compound is suppressed beneath EF
by increased electron count.
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Fermi	
  surface	
  nes8ng	
  ? 

T. Sato et al., Phys Rev Lett 103 047002 (2009).	



S. V. Borisenko et al., Phys Rev Lett 105 (6), 067002 (2010).	





Lifshitz	
  transi8on	
  ? 
4
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FIG. 4: (Color online) (a) location of the known Lifshitz tran-
sitions in the phase diagram. TN and T

c

data is taken from
Refs. [1] and [8]. Top insets show schematic Fermi surface
topology in the a-b and a-c plane for each region in the phase
diagram. (b) Thermoelectric power vs. doping for four dif-
ferent temperatures.

These results, taken together, confirm extreme sensitivity
of TEP to the changes in FS topology [21].

Importantly, the above conclusion most likely also ap-
plies to other electron doped 122 systems. We are spe-
cially interested in A(Fe

1�x

Ni
x

)
2

As
2

where each nickel
atom gives two extra electrons per Fe site compared to
one in the cobalt doped system [7]. There, similar to
the cobalt doped system, the Hall coe�cient and ther-
moelectric power anomaly occurs right at the onset of
superconductivity [8, 22]. Based on a similar ARPES
survey [23] we indeed find Lifshitz transitions at close
vicinity to the boundaries of superconductivity, the only
di↵erence being that the corresponding doping levels are
roughly one half as those of the cobalt system. As the
phase diagram changes to T vs. e, the extra electron
count, these two systems match perfectly.

Our findings have important implications on the na-
ture of superconductivity of the pnictides. First, our
observation reveals the crucial importance of the under-
lying Fermi surface topology: a necessary condition for
the emergence of superconductivity is the existence of

the non-reconstructed central hole pockets rather than
a perfect nesting condition between the central and cor-
ner pockets. Superconductivity is not supported only
when either one set of these pockets (central or cor-
ner) vanishes, changes its carrier nature or shows con-
siderable reconstruction. Second, our results imply that
the suppression of superconductivity on the underdoped
side is related to the competition between the AFM and
SC phases [7], whereas on the overdoped side the dis-
appearance of the central hole pocket plays a more im-
portant role than the decrease of the pairing interaction
magnitude [12]. Electron doped 122 systems are, there-
fore, clear examples of high temperature superconductors
whose superconducting behavior is controlled primarily
by the underlying Fermiology.

We thank Sung-Kwan Mo and Makoto Hashimoto for
their grateful instrumental support at the ALS. Ames
Laboratory was supported by the Department of Energy
- Basic Energy Sciences under Contract No. DE-AC02-
07CH11358. ALS is operated by the US DOE under Con-
tract No. DE-AC03-76SF00098.
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Ba(Fe,Co)2As2 

Tc diminishes around the Lifshitz 
transition of dxz/dyz hole pockets	


Ca10(Pt4As8)(Fe2-xPtxAs2)5	


Tc~22K, with only dxy hole Fermi surface,	


Umm?	




S. V. Borisenko et al., Phys Rev Lett 105 (6), 067002 (2010).	


S.Thirupathaiah et al., arXiv, 1307.1608 (2013).	



CaFePtAs	
  system 

	
  	
  van	
  Hove	
  singularity	
  ? 

Tc=4.4K	
 Tc~0K	

D. Shen et al. Phys. Rev. Lett. 99, (2007).	




The only correct rule:	


	



For every empirical rule regarding what determines Tc, 
there is an counter example !!	




NaFe1-­‐xCoxAs	
  and	
  LiFe1-­‐xCoxAs 

I. SAMPLE DESCRIPTION

High quality LiFe1�x

Co
x

As [x=0(LiFeAs), 0.03(LC3), 0.09(LC9), 0.12(LC12), 0.17(LC17)]

and NaFe1�x

Co
x

As [x=0(NaFeAs), 0.045(NC4.5), 0.065(NC6.5), 0.1(NC10), 0.146(NC14.6),

0.32(NC32)] single crystals were synthesized with self-flux method. The starting materials of

LiAs (NaAs) and high purity Fe or Co were mixed with 2:1 (4:1) compositions, loaded into an

alumina tube, and then sealed into a stainless steel crucible under the Ar atmosphere. The entire

assembly was heated to 1323 K (1223 K) and kept for 10 h, and then cooled down to 873 K at

the rate of 4 K/h before shutting o↵ the power. Shining platelet crystals as large as 3⇥3⇥0.05mm3

were obtained. The superconducting transition temperatures (T
C

’s) were ensured by the resistivity

measurements with Quantum Design physical property measurement system (PPMS). As shown

in Fig. S1(a), for LiFe1�x

Co
x

As, before the onset of the superconducting transition, the resistiv-

ities show clean metallic characteristics without other phase transitions. Superconductivity was

observed in LiFeAs, LC3, and LC9 samples with T
C

of 16.4, 11, and 4.4 K, respectively. For

NaFe1�x

Co
x

As [Fig. S1(b)], resistivity anomalies could be observed at 54 K and 43 K in NaFeAs,

which are induced by structural transition and magnetic transition respectively [1]. The supercon-

ducting transition could be observed at 13, 20.3, 14.8, and 6 K in NaFeAs, NC4.5, NC6.5, and

NC10 samples. Note that the drops of the resistivities observed in LC12, LC17, NC14.6, and

NC32 might be due to the impotent superconductivity.
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FIG. S1: (a) Temperature dependence of the normalized electrical resistance of LiFe1�x

Co
x

As. The inset

presents the enlarged view of the same data. (b) is the same as (a), but for NaFe1�x

Co
x

As.

2

The	
  superconduc>vity	
  is	
  tuned	
  from	
  Tc=20K	
  to	
  
0K	
  by	
  doping	
  cobalt.	
  



1.   High	
  sample	
  quality	
  and	
  nonpolar	
  
surface	
  
•  clean	
  band	
  dispersion.	
  	
  
•  Sharp	
  superconduc>ng	
  peaks	
  

	
  
2.   Simple	
  orbital	
  characters	
  of	
  various	
  

bands	
  
•  The	
  dxy	
  bands	
  is	
  very	
  different	
  for	
  

these	
  two	
  systems	
  

Ideal	
  systems	
  for	
  ARPES	
  to	
  study	
  the	
  role	
  
of	
  orbital	
  degree	
  of	
  freedom.	
  

II. DOPING DEPENDENCE OF THE SUPERCONDUCTING GAP IN LiFe1�x

Co
x

As AND

NaFe1�x

Co
x

As

The superconducting gap could be obtained from the symmetrized energy dispersion curves

(EDCs) taken at the Fermi crossings (Figs. S2 and S3). The sharp superconducting peaks indicate

the high quality of the single crystals. The gap sizes are determined from the fitting process as

described in Ref. [2], which are nearly the same as the peak positions as marked in Figs. S2 and

S3. The gap size decreases with cobalt doping, as the T

C

is suppressed at the same time.
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FIG. S2: (a) Doping dependence of the symmetrized EDCs taken at the k

F

’s of the � hole pockets along (0,

0) - (⇡, ⇡) direction in LiFe1�x

Co
x

As. (b), (c) and (d) are the same as (a), but taken at the k

F

’s of �, ⌘, and �

pockets, respectively.
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As. (b) is the same as (a), but taken at the k

F

’s of ⌘/�

electron pockets.

[1] Y. Zhang et al., Phys. Rev. B 85 (8), 085121 (2012).

[2] Y. Zhang et al., Nature Phys. 8 (5), 371-375 (2012).

4

NaFe1-­‐xCoxAs	
  and	
  LiFe1-­‐xCoxAs 



Be_er	
  or	
  perfect	
  
nes>ng	
  for	
  dxy	
  
hole	
  pocket 

Nes8ng	
  condi8on	
  tuning,	
  and	
  orbital	
  selec8vity 

Fermi	
  Surface	
  
nes>ng	
  does	
  
enhance	
  
superconduc>vity,	
  
but	
  only	
  when	
  it	
  is	
  
between	
  dxz/dyz	
  
Fermi	
  surfaces. Enhance	
  low-­‐energy	
  

spin	
  fluctua>ons 

Does	
  not	
  help	
  SC	
  
or	
  induce	
  SDW 



Lifshitz	
  transi8on	
  in	
  LiFe1-­‐xCoxAs 

The	
  Lifshitz	
  transi>on	
  of	
  dxz	
  and	
  dyz	
  pockets	
  

1.  The	
  dxz/dyz	
  Fermi	
  surface	
  shrinks	
  and	
  sinks	
  below	
  EF	
  around	
  the	
  Z	
  point.	
  

2.  The	
  κ	
  electron	
  pocket	
  emerges	
  around	
  Z	
  in	
  LC9	
  and	
  LC12. 



Lifshitz	
  transi8on	
  in	
  NaFe1-­‐xCoxAs 

The	
  Lifshitz	
  transi>on	
  of	
  dxz	
  and	
  dyz	
  pockets	
  

1.  The	
  dxz/dyz	
  Fermi	
  surface	
  shrinks	
  and	
  sinks	
  below	
  EF	
  around	
  the	
  Γ	
  point.	
  

2.  The	
  κ	
  electron	
  pocket	
  emerges	
  around	
  Z	
  in	
  NC14.6. 



The	
  cri8cal	
  role	
  of	
  central	
  dxz/dyz	
  hole	
  Fermi	
  surfaces 

Shortly	
  aier	
  the	
  Lifshitz	
  transi>on	
  of	
  
dxz/dyz	
  Fermi	
  surface.	
  (The	
  topology	
  
does	
  not	
  ma_er,	
  differs	
  a	
  lot.)	
  

The	
  presence	
  of	
  dxz/dyz	
  hole	
  Fermi	
  surfaces	
  appears	
  cri>cal	
  for	
  SC.	
  
Aier	
  dxz/dyz	
  hole	
  FS	
  disappear,	
  there	
  is	
  some	
  residual	
  superconduc>vity	
  

contributed	
  by	
  all	
  other	
  FS.	
  

The	
  SC	
  to	
  non-­‐SC	
  transi>on.	
  



dxz/dyz	
  orbital	
  selec8ve	
  correla8ons	
  between	
  
nes8ng/Lifshitz	
  transi8on	
  and	
  the	
  
superconduc8vity	
  in	
  AFe1-­‐xCoxAs	
  (A=Li,	
  Na)	
  
	
  
What	
  happens	
  to	
  the	
  dxy	
  hole	
  band? 



Orbital	
  selec8ve	
  impurity	
  sca\ering 
LiFe1-­‐xCoxAs 

NaFe1-­‐xCoxAs 



•  The	
  dxz/dyz	
  bands(α	
  and	
  β)	
  are	
  rather	
  insensi>ve	
  to	
  impurity	
  sca_ering.	
  
	
  
•  The	
  dxy	
  band	
  (γ)	
  is	
  strongly	
  suppressed	
  and	
  broadened.	
  	
  
	
  
•  Explain	
  the	
  robust	
  superconduc>vity	
  against	
  heavy	
  doping	
  in	
  iron-­‐based	
  

superconductors.	
  
	
  
•  Explain	
  STM	
  data	
  of	
  “weak”	
  Co-­‐impurity	
  in	
  NaFeAs 

Orbital	
  selec8ve	
  impurity	
  sca\ering 



1.	
  Doping	
  in	
  the	
  FeAs(Se)	
  
plane:	
  

The	
  hole	
  dxy	
  band	
  (γ)	
  is	
  
strongly	
  suppressed	
  and	
  

broadened	
  !?	
  

2.	
  Doping	
  out	
  of	
  the	
  FeAs	
  
plane:	
  	
  

All	
  the	
  bands	
  are	
  rela>vely	
  
unchanged	
  with	
  dopants.	
  

Na(Fe,Co)As 

(Ba,K)Fe2As2 

The	
  defect	
  loca8on	
  is	
  cri8cal	
  for	
  impurity	
  sca\ering 

Z. R. Ye, D. L. Feng et al., arXiv, 1303.0682 (2013).	



Fe(Te,Se) 



Impurity	
  effects	
  on	
  resis8vity 

M. Nakajima et al. Arxiv/1308.1633 (S. Uchida group)	




When	
  dxy	
  hole	
  band	
  is	
  not	
  strongly	
  sca\ered:	
  22K	
  
superconduc8vity	
  in	
  Ca10(Pt4As8)(Fe2-­‐xPtxAs2)5 

Comparable dxy 
scattering rate with others 	


X. P. Shen, DLF, PRB (in press)	




Electron-­‐only	
  Fermi	
  surface	
  of	
  NaFe0.7Co0.3As 

KxFe2-­‐ySe2	
  Tc=31K	
   NaFe0.7Co0.3As	
  Tc=0K	
  



Na(Fe,Co)As 

C
o 

do
pi

ng
	


KxFe2-­‐ySe2	
   
Z. R. Ye, D. L. Feng et al., arXiv, 1303.0682 (2013).	



	
  	
  	
  	
  Sizable	
  correla8on	
  ma\ers	
  



Correla8ons	
  ma\er 

M. Nakajima et al. Arxiv/1308.1633 (S. Uchida group)	




Fermiology 1. 

•  Good	
  nes>ng	
  helps,	
  when	
  other	
  condi>ons	
  
are	
  similar.	
  For	
  example,	
  nes>ng	
  does	
  not	
  
work	
  when	
  there	
  is	
  strong	
  impuri>es,	
  such	
  as	
  
strong	
  magne>c	
  impurity.	
  	
  

•  Tc	
  could	
  be	
  enhanced	
  by	
  the	
  perfect	
  FS	
  
nes>ng,	
  e.g.	
  between	
  dxz/dyz-­‐originated	
  FSs	
  

•  The	
  dxy	
  hole	
  pocket	
  can	
  sustain	
  SC,	
  just	
  more	
  
vulnerable	
  to	
  impuri>es	
  

•  Superconduc>vity	
  is	
  suppressed	
  when	
  the	
  
central	
  dxz/dyz	
  hole	
  pockets	
  disappear	
  with	
  
electron	
  doping,	
  but	
  Lifshitz	
  transi>on	
  is	
  just	
  
an	
  accident	
  due	
  to	
  the	
  strong	
  sca_ering	
  of	
  dxy	
  
hole	
  FS.	
  

LiFe0.9Cr0.1As	
  No	
  SC 

Hole	
  doping	
  
Nes>ng	
  between	
  electron	
  and	
  
inner	
  dxz/dyz	
  hole	
  pocket	
   

What	
  governs	
  Tc	
  for	
  Type-­‐I	
  Fe-­‐HTS’s 



What	
  governs	
  Tc	
  for	
  Type-­‐I	
  Fe-­‐HTS’s 

•  Dopings	
  are	
  extremely	
  heavy	
  when	
  compared	
  with	
  
cuprates,	
  and	
  impurity	
  effects	
  are	
  very	
  important	
  in	
  Fe-­‐HTS.	
  

•  Loca>on	
  of	
  defects	
  ma_er	
  a	
  lot,	
  which	
  directly	
  affects	
  
phase	
  diagram,	
  superconduc>vity	
  

•  The	
  Leading	
  role	
  of	
  dxz/dyz	
  is	
  because	
  they	
  are	
  rather	
  
insensi>ve	
  to	
  impurity	
  sca_ering	
  in	
  most	
  cases.	
  	
  

•  dxz/dyz/dxy	
  are	
  all	
  important	
  

Impurity effects 2. 



What	
  governs	
  Tc	
  for	
  Type-­‐I	
  Fe-­‐HTS’s 

3. Correlations (spin fluctuations) 

•  Sizable	
  correla>ons	
  are	
  important,	
  which	
  are	
  characterized	
  by	
  
ü  proximity	
  to	
  the	
  magne>c	
  phase	
  
ü  Van	
  Hove	
  singularity	
  
ü  band	
  renormaliza>on,	
  Fermi	
  velocity	
  
ü  Linear	
  term	
  in	
  resis>vity	
  vs.	
  T	
  

•  NMR	
  shows	
  that	
  the	
  low-­‐energy	
  spin	
  fluctua>ons	
  are	
  enhanced	
  by	
  
nes>ng,	
  but	
  not	
  that	
  relevant	
  to	
  SC.	
  	
  

•  INS	
  suggests	
  high	
  energy	
  (~J	
  scale)	
  fluctua>ons	
  may	
  ma_er	
  more	
  (cf.	
  
Pengcheng,	
  Elbio,	
  Jiangping’s	
  recent	
  review)	
  



Systems with only electron pockets 2. 

Systems with both electron and hole pockets 1. 



Y.	
  Zhang,	
  D.	
  L.	
  Feng	
  	
  et	
  al.,	
  Nature	
  Materials,	
  10,	
  273-­‐277	
  (2011).	
  
S.	
  Tan	
  ,	
  D.	
  L.	
  Feng	
  et	
  al.,	
  Nature	
  Materials,	
  12	
  (7),	
  634-­‐640	
  (2013).	
  

Other	
  iron-­‐based	
  superconductors 

KxFe2-­‐ySe2	
  	
  and	
  FeSe	
  thin	
  film 

Superconduc>ng	
  KxFe2-­‐ySe2 

1	
  ML	
  FeSe/SrTiO3	
  thin	
  film 

Type-II Fe-HTS’s 



δ 

Y.	
  Zhang	
  DLF	
  et	
  al.,	
  Nature	
  Materials,	
  10,	
  273-­‐277	
  (2011).	
   

Isotropic	
  nodeless	
  superconduc>ng	
  gap	
  on	
  the	
  corner	
  electron	
  pockets 

In-plane gap distribution on δ FS of KxFe2-ySe2  



Ζ 

Isotropic	
  nodeless	
  superconduc>ng	
  gap	
  on	
  	
  
the	
  center	
  electron	
  pockets. 

M.	
  Xu,	
  DLF	
  et	
  al.	
  Phys	
  Rev	
  B	
  85	
  (22),	
  220504	
  (2012). 

In-plane gap distribution on κ FS of KxFe2-ySe2  



Y.	
  Zhang,	
  D.	
  L.	
  Feng	
  et	
  al.,	
  Nature	
  Materials,	
  10,	
  273-­‐277	
  (2011).	
   

The gap kz dependence of KxFe2-ySe2  



P	
  J	
  Hirschfeld	
  et	
  al.,	
  Rep.	
  Prog.	
  Phys.	
  74	
  124508	
  (2011) 

ARPES: isotropic	
  nodeless	
  
superconduc>ng	
  gap	
  in	
  KxFe2-­‐ySe2	
  	


Γ Ζ 

•  suggest	
  a	
  s-­‐wave	
  pairing	
  symmetry	
  
in	
  KxFe2-­‐ySe2	
  	
  

•  	
  inconsistent	
  with	
  the	
  d-­‐wave	
  
pairing	
  symmetry 

Δ=0? 

Neutron resonance peak suggests phase change	


Proposed	
  pairing	
  symmetry 

Pairing symmetry puzzle of KxFe2-ySe2  



KT transition or measurement issue? 
Wang Q.Y. et al. Chin. Phys. Lett  29, 037402 (2012) 

1ML FeSe/SrTiO3 thin film 

Superconductivity above 77K? 

STS of 1ML FeSe (Δ≈20.1meV) Transport Measurement of 5ML FeSe 



S.	
  Tan,	
  DLF	
  et	
  al.	
  	
  Nature	
  Materials	
  12,	
  634	
  (2013).	
  

Isotropic	
  nodeless	
  superconduc>ng	
  gap	
  in	
  FeSe	
  film 

s-­‐wave	
  gap	
  symmetry 

Gap distribution in 1ML FeSe/STO thin film 

D.	
  Liu	
  XJ	
  Zhou	
  et	
  al.,	
  Nat	
  Commun	
  3,	
  931	
  (2012).	
  



Where are the extra electrons in 1ML FeSe from? 

•  The	
  STO	
  substrate	
  presents	
  insulator-­‐like	
  behavior	
  aier	
  degas	
  



•  The	
  STO	
  substrate	
  presents	
  insulator-­‐like	
  behavior	
  aier	
  degas,	
  and	
  metallic	
  conduc>vity	
  
appears	
  aier	
  thermo-­‐treatment	
  at	
  950	
  ℃	
  under	
  Se	
  flux.	
  	
  

Where are the extra electrons in 1ML FeSe from? 



•  The	
  STO	
  substrate	
  presents	
  insulator-­‐like	
  behavior	
  aier	
  degas,	
  and	
  metallic	
  conduc>vity	
  
appears	
  aier	
  thermo-­‐treatment	
  at	
  950	
  ℃	
  under	
  Se	
  flux.	
  	
  

•  Aier	
  the	
  1ML	
  FeSe	
  was	
  deposited,	
  the	
  electrons	
  are	
  transferred	
  to	
  the	
  FeSe	
  layer,	
  and	
  thus	
  
are	
  responsible	
  for	
  the	
  electron	
  doping	
  in	
  1ML	
  FeSe.	



Where are the extra electrons in 1ML FeSe from? 



Electronic Structure Evolution  

Interfacial	
  layer:	
  0.12e-­‐	
  excess	
  electrons	
  per	
  Fe	
  
Other	
  layers:	
  charge	
  neutral	
  (within	
  0.01e-­‐/Fe	
  accuracy)	
  	
  



Thickness Dependence of the Lattice Constant 

The	
  in-­‐plane	
  lavce	
  is	
  relaxed	
  from	
  the	
  STO	
  (3.91A)	
  
to	
  the	
  bulk	
  FeSe	
  value	
  (3.76A)	
  in	
  thick	
  films	
  



SDW in Multi-Layer FeSe (50ML) 

With	
  increasing	
  temperature,	
  the	
  two	
  separated	
  bands	
  gradually	
  become	
  
degenerate	
  above	
  125K. 



Strain-Dependent SDW 

•  The	
  band	
  separa>on	
  and	
  phase	
  transi>on	
  temperature	
  decreases	
  with	
  increasing	
  	
  
film	
  thickness.	
  

•  Our	
  calc.	
  shows	
  enhanced	
  lavce	
  size	
  increases	
  J2,	
  and	
  prefers	
  the	
  collinear	
  AFM. 



Phase Diagram 



FeSe (50ML, close to bulk) 

* Ma, F. et al. Phys. Rev. Lett 102, 177003 

•  SDW	
  (at	
  least	
  strong	
  fluctua>on)	
  exists	
  in	
  bulk	
  FeSe,	
  as	
  predicted.	
  
•  Explains	
  the	
  nodes	
  measured	
  by	
  Qikun	
  Xue	
  et	
  al.	
  the	
  ortho-­‐tetra	
  transi>on. 
•  The	
  electronic	
  structure	
  of	
  50ML	
  FeSe	
  agrees	
  well	
  with	
  the	
  band	
  

calcula>on*,	
  and	
  represent	
  the	
  bulk	
  electronic	
  structure	
  of	
  FeSe.	
  	
  



FeSe 

Medvedev,	
  S.,et	
  al.	
  (2009).	
  Nature	
  Materials	
  8 

Ø Superconducting Tc=8K, & 37K under 8.9 GPa. 
Ø LDA predicts a CAF ground state 
Ø 110K anomaly in ultrafast optics 
Ø Ortho-tetra transition 

C.	
  L.	
  Song,	
  Q.	
  K.	
  Xue	
  et	
  al.	
  Science,	
  2011 



LDA+GGA	
  calcula8ons	
  explains	
  the	
  evolu8on	
  of	
  SDW 

•  enhanced	
  lavce	
  è	
  enhanced	
  Fe-­‐Se-­‐Fe	
  superexchange	
  
èenhanced	
  SDW	
  。 

•  Oxygen	
  vacancies	
  induce	
  doping	
  à	
  suppress	
  SDW	
  
•  Enhanced	
  J	
  à Tc	
  enhancement?	
  

X.G. Gong, D. L. Feng et al. preprint 



Odd Parity Superconducting State	


Hu et al. (2013) 	



Hirschfeld et al Rep. Prog. Phys. 
74 (2011) 124508	



	


Nodes?  	



Hybridization ?	



Nodes in kz direction	


Khodas & Chubukov, PRL 108, 247003 (2012).	


Scenarios	
  on	
  the	
  table A	
  good	
  scenario	
  should	
  explain	
  all	
  KxFe2Se2,	
  	
  	
  
FeSe/STO,	
  and	
  	
  FeSe/STO/KTO	
  	




What	
  governs	
  Tc	
  for	
  Type-­‐II	
  Fe-­‐HTS’s 

•  Reduce	
  disorder	
  with	
  ammonia	
  intercala>on	
  (wet	
  method,	
  more	
  
moderate	
  growth)	
  gives	
  higher	
  Tc	
  

•  Similarly,	
  less	
  impurity	
  sca_ering	
  for	
  FeSe	
  film	
  than	
  for	
  KxFe2Se2	
  
with	
  heavy	
  phase	
  separa>on	
  and	
  disorder	
  

•  Increase	
  lavce	
  constant	
  (compared	
  with	
  bulk	
  FeSe)	
  è	
  increase	
  
J	
  	
  

•  proximity	
  to	
  the	
  CAF	
  phase	
  (the	
  block	
  AFM	
  may	
  not	
  be	
  relevant)	
  
•  then	
  kill	
  the	
  order	
  by	
  doping	
  (K,	
  or	
  oxygen	
  vacancy) 

Fermi	
  surface	
  topology	
  may	
  not	
  be	
  very	
  important,	
  as	
  it	
  changes	
  a	
  
lot	
  in	
  FeSe/STO/KTO,	
  but	
  Tc	
  only	
  changes	
  slightly.	
   



Sergey Borisenko, Nature Materials (2013) 	


Tc	
  enhancement	
  

1.  The	
  s-­‐wave	
  pairing	
  symmetry	
  appears	
  ubiquitous	
  
2.  Two	
  types	
  of	
  FeHTS’s	
  are	
  in	
  the	
  two	
  sides	
  of	
  the	
  collinear	
  SDW	
  phase.	
  	
  

SC	
  II	
  (e	
  pockets) 
SC	
  I	
  (e+h	
  pockets) Unifica>on	
  



Summary:	
  What	
  governs	
  Tc	
  for	
  all	
  Fe-­‐HTS’s	
  ? 

1.   Local	
  pairing	
  (large	
  Q	
  and	
  E	
  range),	
  high	
  energy	
  spin	
  
fluctua8on	
  ma\ers,	
  not	
  the	
  zero	
  frequency	
  ones	
  

•  Both	
  types	
  are	
  next	
  to	
  the	
  same	
  CAF	
  
•  Fermiology	
  vary	
  significantly,	
  and	
  the	
  role	
  of	
  Fermiology	
  

may	
  not	
  be	
  that	
  significant,	
  although	
  nes>ng	
  helps	
  
somewhat,	
  but	
  not	
  cri>cally	
  

•  Large	
  J	
  helps	
  
•  Large	
  local	
  moment	
  suggested	
  by	
  neutron	
  even	
  at	
  high	
  T	
  

2.   Enhance	
  the	
  instability	
  (J),	
  but	
  not	
  sta8cally	
  
ordered	
  (killing	
  it	
  by	
  doping	
  etc.)	
  è	
  in	
  the	
  vicinity	
  
of	
  a	
  QCP:	
  not	
  at	
  it,	
  but	
  certainly	
  not	
  far.	
  

3.   Shallow,	
  flat	
  band	
  provides	
  large	
  phase	
  space	
  for	
  SC	
  
(also	
  related	
  to	
  strong	
  correla8on)	
  

4.   Minimized	
  impurity	
  sca\ering	
  ma\ers!	
  



Outlook 

•  Further Tc enhancement in thin films, and prove it 
with in situ transport measure. (enlarge lattice in 
pnictides?)	



•  Pairing symmetry or order parameter phase puzzle 
(smoking gun evidence? η-pairing, s±, s++, d-wave)	



•  More experiments, tuning KxFe2Se2, FeSe with 
doping and strain 	



•  Spin fluctuation as pairing glue? Combine ARPES 
and INS, searching for effects that matter to 
superconductivity	



•  Quantify impurity effects	






